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The C1 gene of tomato yellow leaf curl geminivirus (TYLCV) encodes a multifunctional protein (Rep) involved in replication.
A truncated form of this gene, capable of expressing the N-terminal 210 amino acids (aa) of the Rep protein, was cloned
under the control of the CaMV 35S promoter and introduced into Nicotiana benthamiana using Agrobacterium tumefaciens.
The same sequence was also cloned in antisense orientation. When self-pollinated progeny of 19 primary transformants
were tested for resistance to TYLCV by agroinoculation, some plants proved to be resistant, particularly in the sense lines.
Two such lines were further studied. The presence of the transgene was verified and its expression was followed at intervals.
All plants that were resistant to TYLCV at 4 weeks postinoculation (wpi) contained detectable amounts of transgenic mRNA
and protein at the time of infection. Resistance was overcome in a few plants at 9 wpi, and in most at 15 wpi. Infection of
leaf discs derived from transgenic plants showed that expression of the transgene correlated with a substantial reduction
of viral DNA replication. Cotransfections of tobacco protoplasts demonstrated that inhibition of viral DNA replication requires
expression of the truncated Rep protein and suggested that the small ORF C4, also present in our construct, plays no role
in the resistance observed. The results obtained using both transient and stable gene expression systems show that the
expression of the N-terminal 210 aa of the TYLCV Rep protein efficiently interferes with virus infection. q 1996 Academic
Press, Inc.
INTRODUCTION African cassava mosaic virus (ACMV; Stanley et al.,
1990). More recently, resistance was described in pri-
Geminiviruses, which possess a genome of one or
mary transformants of an interspecific tomato hybrid ex-
two circular ssDNA molecules, each of about 2.8 kb, are
pressing the capsid protein gene of TYLCV-Is; these
important pathogens of a number of crops worldwide.
plants showed delayed symptoms and recovery (Kunik
Tomato is particularly affected in tropical and subtropical
et al., 1994).
regions by several geminiviruses. A number of viruses
In geminiviruses only one virus-encoded protein is in-
named tomato yellow leaf curl virus (TYLCV) have been
dispensable for replication of the viral DNA (Elmer et al.,
characterized at the molecular level and are currently
1988). This protein, of about 41 kDa, is encoded by ORF
grouped as three separate species (Briddon and Mark-
C1 (also called AC1 or AL1) in all whitefly-transmitted
ham, 1995): TYLCV-Is (Navot et al., 1991), TYLCV-Sr geminiviruses and, due to its similarities with rolling cir-
(Kheyr-Pour et al., 1991), and TYLCV-Th (Rochester et al., cle DNA replication initiator proteins of some prokaryotic
1994). Obtaining tomatoes resistant to the most damag- plasmids (Koonin and Ilyina, 1992), has been called ‘‘Rep’’
ing geminiviruses is an important goal, since their insect protein (Laufs et al., 1995). Rep is multifunctional, has an
vector, the whitefly Bemisia tabaci, is difficult or impossi- essential role in viral replication (Lazarowitz et al., 1992;
ble to control, and all commercial tomato varieties are Fontes et al., 1992, 1994), and represses its own expres-
susceptible. sion (Sunter et al., 1993; Eagle et al., 1994). Tobacco
The results of studies on engineered resistance to plants transformed with the AL1 gene of TGMV express
geminiviruses have not been completely satisfactory. To- a Rep protein that, at least in some lines, can comple-
bacco primary transformants expressing antisense RNA ment in trans AL1-defective TGMV mutants, producing
to the AL1 gene of tomato golden mosaic virus (TGMV) systemic infection (Hanley-Bowdoin et al., 1990).
were partially resistant to TGMV (Day et al., 1991). Attenu- Our strategy to obtain resistance to TYLCV was to
ation of symptoms was found in tobacco plants trans- introduce a modified C1 gene in order to disrupt the
formed with a tandem repeat of subgenomic DNA B of function of the Rep protein. Nicotiana benthamiana
plants were transformed with an expression cassette
containing a 3*-truncated C1 gene. The potentially coded1 To whom correspondence and reprint requests should be ad-
dressed. Rep protein retains the domains involved in DNA recogni-
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FIG. 1. Construction of pTom102. The diagram shows TYLCV Rep protein with conserved domains (Koonin and Ilynia, 1992; Gorbalenya et al.,
1990), TYLCV genomic DNA with restriction sites used in this work, and the expression cassette of pTom102. Vertical dotted lines delimit the DNA
fragment used. LB and RB, left and right borders of T-DNA; E35S, enhanced 35S promoter; polyA, CaMV transcription terminator.
tion and binding (Jupin et al., 1995) and in cleavage and was introduced 9 bases downstream of it. This plasmid
can therefore transcribe mRNA like pTom100, but cannotjoining of the origin of DNA replication (Heyraud-
Nitschke et al., 1995), but lacks the NTP-binding domain translate the truncated Rep protein. Like pTom100, it has
the potential ability to translate the internal C4 ORF. The(Gorbalenya et al., 1990). The possible effects of the
same sequence expressed in antisense orientation were correct insertion of the mutations was confirmed by DNA
sequencing.also tested.
Plant transformationMATERIALS AND METHODS
N. benthamiana was transformed with the two recom-Construction of plant expression vectors
binant A. tumefaciens strains, and kanamycin (km)-resis-
Unless otherwise specified, standard molecular biol- tant plants were regenerated as described (Tavazza et
ogy protocols were used (Sambrook et al., 1989). The al., 1988). The presence of TYLCV-derived DNA was
672-bp fragment between PflMI (nucleotide 2653; Kheyr- checked in primary transformants (R0) by PCR (see be-
Pour et al., 1991) and HaeIII (nucleotide 1983) sites on low). PCR-positive plants were self-fertilized and segre-
the TYLCV-Sr sequence was blunt-end cloned into SmaI- gation of km resistance in the R1 seedlings was evalu-
restricted pJIT60 (kindly provided by Dr. P. Mullineaux), ated. Green seedlings were then transferred to soil for
between a CaMV enhanced 35S promoter and a CaMV virus resistance assays.
transcription terminator, to give pTom100 (C1 coding re-
gion in sense orientation) and pTom101 (antisense orien- Virus resistance assays
tation). The fragment comprises the 5*-terminal part of
ORF C1 (630 of 1077 bp) and 42 bp of its upstream All resistance assays were performed with the agro-
inoculation technique, using the A. tumefaciens strainsequence. Its coding capacity is limited to 210 amino
acids (aa), instead of the 359 aa of the full-length Rep LBA4404/pBin19/TYLCV-S1.8 (Kheyr-Pour et al., 1991),
which contains a redundant copy of TYLCV-Sr DNA inprotein. The expression cassettes from both plasmids
were excised using KpnI –BglII and cloned into the binary pBin19.
Plants were grown in cabinets at 257 with a photope-vector pBin19 (Bevan, 1984) cut with KpnI and BamHI,
giving rise to pTom102 (Fig. 1) and pTom103 (sense and riod of 14 hr. R1 seedlings, either km-selected or directly
sown in soil, were inoculated at the 6–8 leaf stage byantisense orientation, respectively). These two plasmids
were finally mobilized into Agrobacterium tumefaciens removing the apex and injecting the Agrobacterium sus-
pension (OD600  10) into the wound and leaf axils. Thestrain C58 pGV2260 (Deblaere et al., 1985) by direct
transformation (Hoefgen and Willmitzer, 1988). excised apices were stored for subsequent molecular
analysis. Nontransgenic control plants were included inPlasmid pTom100NT was obtained from pTom100 by
site-directed mutagenesis with the synthetic oligonucleo- each experiment.
After inoculation, plants were observed for diseasetide 5*-CAGCAAAACTGCCAAGATAAGGTCG-3* and the
Muta-Gene M13 in vitro mutagenesis kit (Bio-Rad). In symptoms and assayed for the presence of TYLCV DNA
using molecular hybridization. A young, not fully ex-pTom100NT, the ATG start codon of ORF C1 was re-
placed with a CTG codon, and a TAA in-frame stop codon panded leaf near the apex was excised from each plant
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and a small piece was squashed on positively charged lated with A. tumefaciens strain LBA4404/pBin19/TYLCV-
S1.8. Four days after transfer to selective medium, totalnylon membrane (Boehringer) while the rest was gener-
ally used for protein analysis (see below). Membranes DNA was extracted with TLES as described above and
analyzed for replication of TYLCV DNA by Southern blot-were hybridized with a 32P-labeled probe specific for the
TYLCV-Sr coat protein gene. This assay was done 4– 5 ting using a TYLCV coat protein gene-specific probe.
weeks postinoculation (wpi) and repeated later for plants
in which TYLCV DNA was not detected.
Protoplast transfection
Molecular analysis of transgenic plants Protoplasts were isolated from N. tabacum SR1 plants
grown under sterile conditions and transfected by theThe presence of nptII and C1 transgenes was analyzed
polyethylene glycol protocol, as described (Saul et al.,by PCR. Small pieces of leaf were ground in liquid nitro-
1988). Approximately 0.5 1 106 protoplasts and 5 mggen and thawed in the presence of TLES buffer (50 mM
of an infectious TYLCV DNA clone were used in eachTris–HCl, pH 9, 150 mM LiCl, 5 mM EDTA, and 5% SDS).
experiment, together with 10 mg of either pTom100 orNucleic acids were extracted twice with phenol/chloro-
pTom100NT or with the same amount of heterologousform, ethanol precipitated, and resuspended in TE buffer.
salmon sperm DNA as control. Protoplasts were grownThe primers used to amplify the nptII gene were as de-
for 3 days at 267. Nucleic acids were then extracted withscribed (Dong and McHugen, 1993), while those for the
TLES, electrophoresed on agarose gels, and stained withC1 transgene were either TY-110 [5*-AAGCTTGGATCC-
ethidium bromide. Plant genomic DNA was quantified byATGCCAAGATCAGGTCGT-3*], which covers the 5*-end
laser densitometry (Molecular Dynamics). Equal amountsof ORF C1, and M13/pUC sequencing primer (020) for
of plant DNA from each sample were analyzed in South-sense lines or TY-110 and M13/pUC reverse sequencing
ern blots. The supercoiled form of replicating viral DNAprimer (024) for antisense lines. PCR was performed
was quantified by scanning autoradiographic films.separately for the two genes, with 30 amplification cy-
cles, at 957, 607, and 727. Amplification products were
analyzed by gel electrophoresis on 1.5% agarose.
RESULTSTo analyze Rep-specific transcripts, total RNA was ex-
tracted from leaves (Ilardi et al., 1995) and analyzed by
Transformation of plants and first screening forNorthern blots. About 20 mg of total RNA was loaded
resistanceonto 1% agarose gels following denaturation with glyoxal
and formamide (McMaster and Carmichael, 1977) and
N. benthamiana plants transformed by A. tumefaciens
transferred to nylon membranes. These were hybridized
harboring either the sense or the antisense construct
with digoxigenin-labeled C1-specific RNA probes, pre-
were obtained. Eleven sense (Tom102) and 8 antisense
pared as follows. EcoRI–BamHI fragments from
(Tom103) independent putative transformants rooted on
pTom102 and pTom103 were subcloned into pGEM-4Z
km-selective medium were analyzed by PCR for the pres-
(Promega) and transcripts of negative and positive polar-
ence and orientation of the C1 transgene. Fragments of
ity were synthesized using the DIG RNA labeling kit (Boeh-
the predicted size were amplified from total nucleic acids
ringer).
of all plants (data not shown). R1 progeny from theseFor Western blotting, total proteins extracted with trichlo-
lines were grown in vitro with km selection. All lines
roacetic acid (Wu and Wang, 1984) were loaded (approxi-
except 1 (102.22) had segregation ratios indicating the
mately 500 ng per lane) on 15% SDS–polyacrylamide gels
presence of one or two integration loci (Table 1). Some
and transferred to PVDF membranes (PolyScreen, DuPont).
km-resistant seedlings were transferred to soil and then
Membranes were incubated with Rep-specific antibodies
agroinoculated. The progeny of 4 sense and 5 antisense
(prepared by immunizing a rabbit with a GST–Rep fusion
lines, as well as all nontransgenic control plants, showed
protein expressed in Escherichia coli; G. P. Accotto, E. Lui-
the typical TYLCV symptoms at 3 wpi: yellowing and curl-
soni, and E. Noris, unpublished) at 1/10,000 dilution, fol-
ing of young leaves and stunting. Resistance was evalu-
lowed by an anti-rabbit horseradish peroxidase conjugate.
ated at 5 wpi by leaf squash assay (Table 1). Some plants
Reactions were visualized by chemiluminescence (Renais-
from 7 sense and 3 antisense lines neither showed dis-
sance kit, DuPont), according to the manufacturer’s instruc-
ease symptoms nor contained detectable amounts of
tions.
viral DNA and were therefore scored as resistant. In 4
sense lines (lines 102.4, 102.8, 102.12, and 102.22), 6Leaf disc assays
to 26% of the plants were resistant, while in the best
performing antisense line this figure was only 5%. TheLeaf discs were prepared from progeny of transgenic
line 102.8 and from nontransgenic N. benthamiana es- best performing sense lines were further analyzed at the
molecular level.sentially as described (Elmer et al., 1988) and agroinocu-
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TABLE 1 transgenic plants when tested before inoculation (not
shown). In Western blots of total proteins extracted fromResistance to TYLCV in Self-Pollinated Progeny
these 6 plants a protein of about 26 kDa, slightly higherof Transgenic Lines
than the computer-predicted 24-kDa value, was detected
Transgenic line Kanamycin resistance (%) Virus resistance (not shown). Neither the transcript nor the protein was
detected in nontransgenic control plants. All plants that
102.2 78.9 (185)a 0/39b
were not transgenic, and those transgenic but not ex-102.3 81.2 (191) 1/75
pressing, were susceptible to virus infection at 4 wpi.102.4 84.7 (163) 5/37
102.8 76.7 (282) 5/79 Four plants of the 6 expressing detectable amounts of
102.9 93.9 (474) 2/39 transgenic transcript and protein were resistant. Five
102.12 82.0 (244) 9/34 weeks later, at 9 wpi, 1 of these plants became infected
102.15 79.1 (177) 1/24
(plant 10). The 3 plants still resistant (5, 6, and 12) con-102.20 75.5 (188) 0/39
tained detectable levels of transgenic protein, while plant102.22 31.5 (305) 4/25
102.25 80.0 (95) 0/40 10 did not. These plants were examined again at 15 wpi,
102.26 73.8 (225) 0/39 when they were old and had developed several shoots
103.7 75.7 (140) 0/36 (Fig. 2). Some shoots contained viral DNA, but not the
103.13 89.2 (166) 0/38
transgenic protein, while in others the situation was re-103.20 80.9 (225) 0/35
versed. Three shoots were chosen from plant 6 and the103.22 83.5 (248) 1/28
103.26 91.6 (415) 0/34 presence of viral DNA and transgenic protein was deter-
103.27 95.7 (278) 0/37 mined in single leaves. Results obtained from one shoot
103.35 96.5 (198) 2/35 are shown in Fig. 3. Viral DNA was not detected in the
103.38 80.7 (331) 2/40
proximal leaves 1 to 4, while it was present in limited
amount in leaves 5 to 7, and at higher levels in the distala Percentage of plants resistant to kanamycin/total number of plants.
In parentheses, total number of seedlings. leaves 8 to 11. The transgenic protein was only found in
b Number of plants not infected 5 weeks postinfection/total number leaves 1 to 4. Thus, as in shoot apices, single leaves
of plants inoculated, previously selected on kanamycin. where viral DNA was present contained no detectable
transgenic protein.
In the case of the progeny of line 102.22, which exhib-Molecular analysis and evaluation of resistance
ited an unusual segregation under km selection (see
Table 1), PCR analysis showed that the C1 transgeneSeeds from the four above-mentioned sense lines
were sown directly in soil without km selection. How- was present in all of the 15 plants examined, while only
7 of them contained the nptII transgene (Table 2B). Thisever, only lines 102.8 and 102.22 could be analyzed,
since seeds of lines 102.4 and 102.12 germinated led us to infer that this line had more than one site of T-
DNA integration, and that not all sites contained a wild-poorly and most of the seedlings obtained were too
weak for transplanting and further assays. Results of type nptII expression cassette. All 15 plants that were
examined expressed detectable amounts of C1resistance and molecular analysis performed on indi-
vidual seedlings from lines 102.8 and 102.22 are sum- transgenic mRNA and protein at the time of inoculation.
Eight of them were not infected at 4 wpi. When testedmarized in Table 2.
Plants were maintained and examined for a period of again at 9 wpi, viral DNA was detected in 2 of these 8
plants, and at 15 wpi in another 4, reducing to 2 the15 weeks after inoculation, in order to analyze the stabil-
ity of transgene expression and resistance. Symptoms final number of uninfected plants. As in the other line
examined, when viral DNA was detected, the transgenicobserved on plants infected at 3–4 wpi did not differ in
severity from those shown by nontransgenic controls protein was no longer observed. Plants that were not
transgenic or that did not express the transgene at the(Fig. 2). In transgenic plants that became infected later
(9 to 15 wpi) symptoms were detected, but the senes- time of agroinoculation, either at RNA or protein level,
were all susceptible at 4 wpi.cence of N. benthamiana made it impossible to establish
a degree of severity and to discuss possible symptom
attenuation. For this reason data on symptoms were not Leaf disc and protoplast assays
collected and resistance was evaluated according to the
hybridization assays on viral DNA in young leaves. Following agroinoculation, TYLCV replicating DNA
was detected in leaf discs obtained from transgenicIn line 102.8 (Table 2A), the C1 transgene was present
in many but not all of the 17 analyzed progeny, consistent plants not expressing the truncated Rep protein, as
well as in nontransgenic controls. On the contrary, inwith the km-resistance segregation data (3:1) of Table
1. In Northern blot experiments a C1-specific mRNA of discs derived from plants expressing the truncated
Rep, viral replicating DNA was not detected in ordinaryapproximately 1100 bp was detected in 6 of the 11
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TABLE 2
Analysis of R1 Progeny of Lines 102.8 (A) and 102.22 (B)
Presence of Before inoculation 4 wpia 9 wpi 15 wpi
Plant nptII gene C1 transgene mRNA Protein Resistance Protein Resistance Protein Resistance
(A) 1 r r rb / 0 0 Sc 0 S r r r r r r
2 r r r 0 0 0 S 0 S r r r r r r
3 r r r / 0 0 S 0 S r r r r r r
4 r r r 0 0 0 S 0 S r r r r r r
5 r r r / / / Rd / R {e R/Se
6 r r r / / / R / R { R/S
7 r r r / 0 0 S 0 S r r r r r r
9 r r r 0 0 0 S 0 S r r r r r r
10 r r r / / / R 0 S r r r r r r
11 r r r / 0 0 S 0 S r r r r r r
12 r r r / / / R / R { R/S
13 r r r / 0 0 S 0 S r r r r r r
14 r r r / / / S 0 S r r r r r r
15 r r r / / / S 0 S r r r r r r
18 r r r 0 0 0 S 0 S r r r r r r
19 r r r r r r r r r 0 S 0 S r r r r r r
20 r r r 0 0 0 S 0 S r r r r r r
w.t.f r r r 0 0 0 S 0 S r r r r r r
(B) 92 / / / / S 0 S r r r r r r
93 0 / / / R 0 S r r r r r r
94 0 / / / R / R 0 S
95 / / / / S 0 S r r r r r r
97 0 r r r / / S 0 S r r r r r r
98 / / / / R 0 S 0 S
99 0 / / / S 0 S 0 S
100 / / / / S 0 S 0 S
101 / / / / R / R / R
103 0 / / / R / R / R
104 0 / / / S 0 S r r r S
105 0 / / / S 0 S r r r r r r
107 0 / / / R / R 0 S
108 / / / / R / R 0 S
109 / / / / R / R 0 S
wt 0 0 0 0 S 0 S r r r r r r
Note. Seedlings were grown without kanamycin selection, and the presence of transgenes was checked by PCR. Virus resistance, as well as





e See text for details.
f Wild-type N. benthamiana.
film exposures, with the exception of plants 27 and ues which were not significantly different from con-
trols (Fig. 4B). A comparison between pTom100 and32, in which a very low replication signal could be
observed (Fig. 4A). However, when long exposure pTom100NT in cotransfection experiments is shown
in Fig. 4C.times were used, low-level replication became appar-
ent in all plants.
In protoplast experiments, in spite of some difficult- DISCUSSION
ies in reproducing similar levels of viral DNA replica-
tion in different sets of transfections, the presence Our results show that it is possible to introduce resis-
tance to a geminivirus by expressing a modified versionof pTom100 caused a marked decrease in viral DNA
replication in all assays, while pTom100NT gave val- of its replication-associated protein. In the preliminary
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FIG. 2. Transgenic N. benthamiana plants from line 102.22 at 15 weeks postinoculation. From left to right, a susceptible plant (No. 92), a resistant
one (No. 103), and a nontransgenic control.
analysis of R1 progeny, 753 plants were screened for mance of the sense lines was better than that of anti-
sense lines. We conclude that resistance was presentresistance to TYLCV (Table 1). A few plants proved to
be uninfected. It seems unlikely that these could have in lines transformed with the sense construct, but was
not inherited and expressed in a Mendelian manner.escaped inoculation, since each experiment included
nontransgenic controls that always became infected. The presence of resistant plants was confirmed in the
Further evidence was the observation that the perfor- second screening, in which progeny of lines 102.8 and
102.22 were analyzed in detail (Table 2). Results from
these experiments showed that all plants scored as re-
sistant contained the transgene and expressed it, both
as mRNA and protein. However, not all plants with detect-
able transgenic Rep at the time of infection were resis-
tant. Thus the presence of transgenic Rep seems to be
necessary, but not sufficient, for resistance, and a thresh-
old level of expression may be necessary to confer resis-
tance. The results obtained with leaf discs paralleled
those on plants, all samples from lines expressing Rep
protein being unable to support TYLCV replication, and
suggested that resistance works at the single cell level
by inhibiting viral DNA replication.
The reason for the relatively low level of resistance
(which correlates with transgene expression, as dis-
cussed below) even in the best lines may indicate that
expression of the transgene in plants is problematic and
that there may be a selection for cells that do not express
it or else do so at low levels. This would also explain
the fact that seeds of some lines germinated poorly and
that not all plants containing the transgene expressed it
to detectable levels (Table 2).
Replicase-mediated resistance (RMR) has been de-
scribed for several RNA viruses (reviewed by Carr and
Zaitlin, 1993), with transgenes capable of expressing ei-
FIG. 3. Accumulation of viral DNA and presence of truncated Rep in ther functional or mutated replicases. It is generally as-
single leaves of a shoot from plant 6 of line 102.8, examined at 15 sumed that RMR can be either RNA-mediated, when the
weeks postinoculation. (A) Diagram of the shoot, with numbered leaves
steady-state level of transgenic transcript is low (Sijen(1 to 11). (B) Squash hybridization of single leaves, with a TYLCV coat
et al., 1995; Rubino and Russo, 1995; Mueller et al., 1995),protein gene-specific DNA probe. (C) Western blot analysis of the same
leaves, probed with Rep-specific antibodies diluted 1/10,000. or protein-mediated, in cases where the protein (Carr et
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al., 1994) or high levels of transgenic transcripts (Breder-
ode et al., 1995) are detected. However, in spite of the
general use of the strong 35S promoter, the protein itself
has rarely been detected (Longstaff et al., 1993; Carr et
al., 1994). Hong and Stanley (1996) recently reported that
N. benthamiana plants transformed with the AC1 coding
sequence of ACMV showed some level of resistance to
ACMV infection; these plants produced detectable
amounts of AC1-specific transcript, but protein expres-
sion was not analyzed. In our resistant plants, the trun-
cated Rep protein accumulated in amounts well above
the detection limits, suggesting that the resistance was
protein-mediated.
Evidence for a protein- rather than RNA-mediated re-
sistance is also provided by the experiments in proto-
plasts, where inhibition of TYLCV DNA replication could
be obtained using the expression cassette capable of
transcribing and translating a truncated TYLCV Rep gene
(pTom100), but not with that capable of producing only
the corresponding transcript (pTom100NT).
The truncated Rep protein expressed consists of the
amino-terminal 210 aa of TYLCV Rep protein (359 aa)
and includes the domains involved in specific DNA rec-
ognition and binding, mapped in the 116 amino-terminal
amino acids (Jupin et al., 1995), and in nicking activity
(Heyraud-Nitschke et al., 1995). However, truncated Rep
lacks the NTP-binding domain (aa 221 to 228) which has
been shown essential for the replication function of the
protein (Desbiez et al., 1995). We suggest that viral DNA
replication is inhibited because, when TYLCV enters a
cell, the transgenic Rep recognizes and binds to the viral
DNA, and functional Rep synthesized by the incoming
virus is competitively blocked. The truncated Rep may
thus be acting as a dominant negative mutant (Herskowitz,
1987).
A second hypothesis is that the transgenic Rep protein
may inhibit infection through transcriptional repression
of the viral C1 gene. TGMV Rep is known to regulate
its own expression (Sunter et al., 1993) by interaction
between Rep protein and DNA elements upstream of
the transcription start (Eagle et al., 1994). In transient
expression experiments on ACMV, similar levels of re-
pression were obtained when using either the whole Rep
FIG. 4. Effects of expression of C1 transgene on TYLCV infection at
protein or a truncated version comprising the N-terminalthe cellular level. (A) Southern blot of total DNA extracted from leaf discs
57 aa (Hong and Stanley, 1995), indicating that the do-obtained from transgenic (checked by PCR) 102.8 progeny following
agroinoculation with a TYLCV infectious clone, hybridized with a TYLCV mains responsible for this activity might be present in
coat protein gene-specific DNA probe. P, DNA extracted from a TYLCV- the truncated Rep. The truncated Rep could repress tran-
infected plant; N, DNA extracted from leaf discs of a nontransgenic scription of the C1 gene of an incoming virus through an
plant; sc, supercoiled TYLCV dsDNA; ss, single-stranded TYLCV DNA.
interaction with its upstream recognition sequence, butExpression of the transgenic protein was checked at the time of leaf
be unable to regulate itself, due to absence of the inter-disc preparation and is indicated at the top. (B) Southern blot of total
DNA extracted from tobacco protoplasts cotransfected with a TYLCV acting DNA elements in the transgene. This hypothesis
infectious clone and pTom100 (lane 1), pTom100NT (lane 2), or control could also explain the accumulation of truncated Rep that
DNA (lane 3). (C) Histogram showing the inhibition of viral DNA replica- we observed using the Rep-specific antibodies, although
tion in protoplasts (three experiments) caused by pTom100, compared
full-length Rep could not be detected in TYLCV-infectedwith pTom100NT which is unable to express truncated Rep protein.
plants.Vertical bars represent standard deviation.
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Most of the initially resistant plants were unable to REFERENCES
prevent TYLCV invasion in the long term. This could be
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explained by an incomplete inhibition of viral replication case gene induces resistance to cucumber mosaic virus in
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delay in infection could result from alterations in long- ogy 207, 467–474.
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D. H. L. Bishop, S. A. Ghabrial, A. W. Jarvis, G. P. Martelli, M. A.role in subgroup III geminiviruses is not clearly defined.
Mayo, and M. D. Summers, Eds.), pp. 158–165. Springer-Verlag, Vi-
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